Recent studies in experimental tumours in vivo suggest that nimorazole (1-(N-p-ethyl-morpholine)-5-nitro-imidazole) may possess hypoxic cell radiosensitizing properties similar to that of misonidazole (MISO) when given in moderate doses (Overgaard et al., 1982b) . At tumour concentrations of 50 g g-1 both drugs were found to yield enhancement ratios of 1.4 in a C3H mammary carcinoma (Overgaard et al., 1982b) . Clinical studies of plasma and tumour concentrations indicate that an equivalent dose level in humans would require -1.5-2.0 gm -2 MISO on the likely assumption that a tumour-plasma ratio of about unity can be achieved (Ash & Schmidt, 1980; Dische, 1982; Rich et al., 1981) . Such a dose cannot be given daily in conjunction with conventional radiation fractionation schedules due to excessive doselimiting toxicity, primarily expressed as peripheral neuropathy (Dische et al., 1978; Kogelnik 1980; Phillips et al., 1981) . Thus, accumulated doses > 11-12gm-2 MISO over a 4-week period carry a high risk of unacceptable side effects (Dische et al., 1978 (Dische et al., , 1979 Kogelnik, 1980; Overgaard et al., 1982a; Phillips et al., 1981; Urtasun et al., 1982) .
Clinical experience with nimorazole as an antimicrobial agent indicates that the drug is considerably less toxic than MISO. Total doses of 25g in 10 days have easily been administrated to both adults and children, the only side effect being mild gastrointestinal disturbances with nausea and occasional vomiting. This toxicity was observed in 5-25% of patients, was found to be doseindependent and often transitory and could otherwise be controlled with antiemetics (Arrubarrena et al., 1971; Cue & Traslosheros, 1969; Daza, 1973; Garcia et al., 1975; Oliva et al., 1972) .
Experience from large animal toxicity studies (Farmitalia, Carlo Erba, unpublished observations) suggests that nimorazole may be even better tolerated than metronidazole (Flagyl) which itself can be administrated in daily doses of 6 gm-2 up to a total of 100 g, although such high doses may be associated with significant gastrointestinal toxicity and some central and peripheral neuropathy (Kapp et al., 1982; Karim, 1978; Urtasun et al., 1975 Urtasun et al., , 1982 . If the lack of significant toxicity is confirmed, it may be possible to give nimorazole in conjunction with conventional daily radiation fractionation schedules at a dose level which may enhance the radiation response of hypoxic cells by a factor of -1.4. Therefore, nimorazole represents a potentially attractive compound for hypoxic radiosensitization in clinical radiotherapy. Although there is information about the tolerance and metabolism of single dose nimorazole (Giralsi et al., 1971) , details of the pharmacokinetic properties with regard to absorption, elimination and plasma and tumour concentrations are very limited. The present study was therefore performed with the aim of obtaining further information about the pharmacokinetics of nimorazole given in single doses between 0.5-3.5g.
Materials and methods
Pharmacokinetic measurements were performed in informed volunteers of whom 11 were patients receiving radiotherapy for malignant tumours, and 8 were healthy male scientists (Table I ). All subjects had normal hepatic and renal function.
Nimorazole was supplied by Farmitalia, Carlo Erba in tablets of 500mg which were given in single oral doses, as indicated in (Figure 1 ).
Tumour concentrations were measured in tissues obtained by biopsy. After weighing a known amount of internal standard was added together with methanol to a 5-fold increase in volume. After mixing with a rotating knife, the sample was centrifuged at 3,000g for 10min. The supernatant was removed and the solvent evaporated at 37°C under a stream of dry nitrogen. Dried residue was redissolved in 500 i1 methanol and after Vortex agitation, injected onto the HPLC column and estimated similar to the plasma samples. All plasma and tumour measurements were performed in duplicate, and the daily standard calibration curve was performed using different but known concentrations of drugs in plasma. Table  II and typical plasma profiles are illustrated in Figure 2 . Nimorazole is easily absorbed after oral administration with a mean absorption half life of 24 min + 2 (s.e.). The absorption appears to be dose-independent. Peak plasma concentrations are reached between 35 and 125 min after intake (median 90 min). The peak plasma concentration was linear-linear related to the given dose in g, and this correlation was further improved if the dose was expressed in g m 2 or better as mg kg-I (Figure 3) . Thus, the peak plasma concentration was found to be 20.0+2.0 (s.e.), 38.0+2.8 and 1.30 ± 0.10pgml-1, respectively when calculated per g, g m 2 and mg kg -1, respectively. Plasma elimination occurred with a half life ranging from 2.0-4.6 h with a mean of 3.1 + 0.1. The elimination half life was found to be one of the most variable parameters but was not significantly altered as a function of dose ( Figure 5) .
The exposure to the drug calculated as the area under the curve (AUC) was also found to be dose related, although to a smaller extent than the peak plasma concentration due to the variations in drug elimination. However, there was a well-established linear-linear relationship between AUC and given dose, especially when expressed as mgkg-1 ( Figure  4) .
The distribution of the drug estimated as the apparent volume of distribution (Vd) had a mean value of 0.79+0.041kg-1. Although not statistically significant there appeared to be a trend towards a lower volume of distribution with increasing dose (Figure 5) . A similar tendency was seen for the total body clearance (mean 218+191min-1) which also appeared, although not statistically significant, to become smaller with increasing given dose. Thus, from the present data there are suggestions that certain parameters follow non-linear pharmacokinetics. This suggestion gets further support when analysing two subjects (1 and 4) in which multiple dose levels have been measured. Both showed an increasing elimination half life and a decrease in total body clearance and Vd with increasing given doses (Table II) . It is therefore likely that the pharmacokinetics may be non-linear on an individual basis, but that this non-linearity is so small that it requires a larger investigation before it becomes generally apparent.
From the point of hypoxic radiosensitizing effect, tumour rather than the plasma concentration is the Nimorazole critical tissue. Tumour biopsies were obtained from 5 patients 2 h after intake of the drug (Table III) . The tumour/plasma ratios ranged from 0.84-1.30 indicating that the same concentration levels can be achieved in tumour and plasma. In a part of the tumour sample from subject 8 a low tumour concentration was obtained, but this sample consisted of necrotic fluid and in more solid tumour tissue from the same metastasis a considerably higher concentration was found.
Early in the study nimorazole was tested for its potential clinical radiosensitizing ability. The data in Figure 6 show the effect of nimorazole on the initial radiation response in metastases from a malignant melanoma. In the same patient, different cutaneous metastases were treated with single doses of radiation, either alone or 4 h after a dose of nimorazole (51mgkg-1). This 4h interval between drug intake and radiation was because the treatment was performed prior to these (Overgaard et al., 1982b) . The elimination of nimorazole occurs with a half life of -3h compared to 10-12h for MISO. In spite of that, the peak plasma concentrations observed in the present study are very similar to those obtained with comparable doses of oral MISO and metronidazole (Deutsch et al., 1975; Dische et al., 1979; Kogelnik, 1980; Phillips et al., 1981; Schwade et al., 1981; Workman, 1980) . However, exposure to the drug expressed by the AUC was, at equivalent doses, only about one third of the AUC values for MISO (Overgaard et al., unpublished observations) , and this may account for the low toxicity. Thus, no neurological disturbances have been observed, the only side effect being gastrointestinal, and at a level which can be controlled by antiemetic therapy.
In addition, the tumour plasma ratios were similar to those observed with MISO (Rich et al., 1981) , and it is likely that the concentration in viable tumour tissue will be of the same magnitude as the plasma level. The low level found in necrotic tissue in one tumour is also in agreement with more detailed data from tumours exposed to MISO (Rich et al., 1981) . The apparently similar tumour/plasma ratios of MISO and nimorazole despite differences in elimination half life were an expected observation (Workman, 1980) . It is therefore likely that tumour concentrations corresponding to those which result in an enhancement ratio of 1.4 in an experimental tumour treated with single doses of nimorazole can be achieved in the clinical situation. Furthermore, the experimental results indicate that the doseresponse relationship for the radiosensitizing effect of nimorazole is minimal once a threshold has been reached (Overgaard et al., 1982b) . It is anticipated that this threshold level can be achieved clinically, since nimorazole appears to be no more toxic than metronidazole (Flagyl). Thus, it is expected that nimorazole could be given in daily doses of -1.5 gm-2 over 5-6 weeks which will allow the drug to be used in conventional radiation fractionation schedules. An on-going phase 1 clinical study has shown that 2g daily for 4 weeks can be tolerated without side effects other than moderate and acceptable nausea (Timothy et al., unpublished observations) .
The tendency to non-linear pharmacokinetics observed in the present study is not unexpected since similar patterns have been observed for both MISO and nimorazole in mice (Workman, 1979 (Workman, , 1980 . However, the extent of the observed nonlinearity is small and within the variations otherwise observed among the investigated subjects. It may therefore have no practical implication for the use of nimorazole as a hypoxic radiosensitizer.
Nimorazole is almost completely metabolized and two metabolites have been characterized (Giraldi, 1971; Workman, 1980) . In the present study these have not been analysed, but preliminary studies suggest a lower hypoxic radiosensitizing ability than nimorazole and these may therefore not contribute significantly to the overall hypoxic radiosensitization (Smithen & Hardy, 1982) .
The present pharmacokinetic data together with the experimental tumour studies (Overgaard et al., 1982b) give promise of a hypoxic radiosensitizer that may be used clinically in doses which, when given in normal radiation fraction schemes, may result in higher enhancement ratios than any currently available sensitizer in clinical use, and with a low toxicity. Therefore, nimorazole deserves a high priority among those hypoxic cell radiosensitizers which are currently being considered as candidates for clinical evaluation.
